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Abstract

Objective: The average age at the time of spinal cord injury (SCI) has increased to 43 years old. 

Middle-aged mice (14 months old, MO) exhibit impaired recovery after SCI with age-dependent 

increases in reactive oxygen species (ROS) production through NADPH oxidase (NOX) along 

with pro-inflammatory macrophage activation. Despite these aging differences, clinical therapies 

are being examined in individuals regardless of age based upon preclinical data generated 

primarily using young animals (~4 MO). Our objective is to test the extent to which age affects 

SCI treatment efficacy. Specifically, we hypothesize that the effectiveness of apocynin, a NOX 

inhibitor, is age-dependent in SCI.

Methods: Apocynin treatment (5 mg/kg) or vehicle was administered 1 and 6 hours after 

moderate T9 contusion SCI (50kdyn IH) and then daily for 1 week to 4 and 14 MO mice. 

Locomotor and anatomical recovery was evaluated for 28 days. Monocyte-derived macrophage 

(MDM) and microglial activation and ROS production was evaluated at 3 and 28 days post injury.

Results: Apocynin improved functional and anatomical recovery in 14 but not 4 MO SCI mice. 

Apocynin-mediated recovery was coincident with significant reductions in MDM infiltration and 
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MDM-ROS production in 14 MO SCI mice. Importantly, microglial activation was unaffected by 

treatment.

Conclusion: These results indicate that apocynin exhibits age-dependent neuroprotective effects 

by blocking excessive neuroinflammation through NOX-mediated ROS production in MDMs. 

Further, these data identify age as a critical regulator for SCI treatment efficacy and indicate that 

pharmacologically reduced macrophage, but not microglia, activation and ROS production 

reverses age-associated neurological impairments.
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Introduction

The average age at the time of spinal cord injury (SCI) has steadily increased since the 

mid-1970s with the current average age being 43-years-old (“Spinal Cord Injury (SCI) 2016 

Facts and Figures at a Glance.,” 2016). Age exacerbates SCI tissue damage and reduces 

functional recovery after both clinical and experimental SCI (Fenn et al., 2014; Hooshmand 

et al., 2014; McKinley et al., 2003; Scivoletto et al., 2003; B. Zhang et al., 2015a). Reactive 

oxygen species (ROS) generation and oxidative damage are implicated as potential 

mechanisms underlying age-related pathology following traumatic SCI in rodents (Leden et 

al., 2017; B. Zhang et al., 2016). Moreover, several studies report that age-dependent 

increases in NOX (NADPH oxidases) activation may give rise to the enhanced ROS 

production observed in middle-aged and aged traumatic CNS injuries (Kumar et al., 2012; 

Qiu et al., 2016; Ritzel et al., 2018). Whether increased NOX activity impairs SCI recovery 

in middle-aged animals has not been directly evaluated.

SCI triggers a robust inflammatory response through activation of resident microglia and 

infiltrating monocyte-derived macrophages (MDMs). In response to injury, within minutes, 

microglia adopt an activated phenotype. MDM infiltrate into the injury site within days post 

injury (dpi) and peak at 7 dpi (Greenhalgh and David, 2014). Activated microglia and 

MDMs secrete a variety of inflammatory cytokines and produce ROS. Recently, we showed 

that microglia/MDMs are responsible for the majority of cellular ROS generation during the 

sub-acute phase of SCI (B. Zhang et al., 2016).

ROS such as superoxide anion (O2−•), hydroxyl radical (•OH), and hydrogen peroxide 

(H2O2), are produced during normal conditions as byproducts of mitochondria, NADPH 

oxidases (NOX), or other cellular activities. NADPH oxidase is a multicomponent enzyme 

that includes 7 isoforms (NOX1–5, and DUOX 1–2) (Nayernia et al., 2014) and growing 

evidence suggests that the NOX enzyme system is a major source of ROS generation in the 

traumatically injured CNS and in chronic neurodegenerative disorders (B. Y. Choi et al., 

2015; Cooney et al., 2014; Hernandes and Britto, 2012; Kumar et al., 2012; Qin et al., 2013). 

Among these NOX isoforms, NOX2 is highly expressed in inflammatory phagocytic cells. 

We recently reported that NOX2 activation in activated microglia/macrophages is 
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significantly upregulated in middle-aged SCI mice relative to young controls (B. Zhang et 

al., 2016).

Both inflammation and oxidative stress are important mediators of age-dependent secondary 

injury; however, clinical therapies are being examined in individuals regardless of age based 

upon data generated almost exclusively using young animals. These practices raise concerns 

about the translational potential of pre-clinical data specifically for immunomodulatory/

neuroprotective therapies. To address this concern, in the current study, we tested the 

treatment effect of a potent NOX inhibitor with affinity for NOX2, apocynin (4-hydroxy3-

methoxyacetophenone, APO), in middle-aged (14-month-old (MO)) vs. young (4 MO) SCI 

mice. We observed that APO significantly decreases MDM accumulation and macrophage 

ROS production coincident with improved locomotor recovery and tissue sparing in 14 MO 

SCI mice. We detected no treatment effect on microglia or in 4 MO animals. These data 

implicate MDM as key mediators of age-associated secondary injury processes and highlight 

NOX2 as an important mechanism of age-induced differences in neuroinflammation and 

functional recovery. Since age-dependent inflammation is noted across a variety of 

conditions our findings have broad implications for the translational development of 

interventions to treat age-related neuropathologies.

Materials and Methods

Animals

Mice (C57BL/6, female, 4- and 14-month-old) were obtained from National Institute of 

Aging. These ages model humans approximately 18- and 45-year-old respectively, and 

represent the demographic shift in the SCI population (Quinn, 2005; “Spinal Cord Injury 

(SCI) 2016 Facts and Figures at a Glance.,” 2016). A total of 85 mice were used in the 

current study. Three mice died after SCI due to anesthesia complications; 2 mice died 

because of ruptured bladders during bladder expression; and one mouse was excluded from 

the study based upon a priori exclusion criteria of an abnormal time versus force curve 

indicating a bone hit at the time of SCI. The n for each outcome measure is described in the 

figure legends. Animals were housed in a standard 12h:12h, light:dark environment with ad 

libitum access to food and water. All procedures were performed in accordance with the 

guidelines and protocols of the Office of Responsible Research Practices and with approval 

of the Institutional Animal Care and Use Committees at the University of Kentucky.

Experimental model of spinal cord injury (SCI)

A mild-to-moderate (50 kdyn displacement, no dwell time) mid-thoracic contusion SCI was 

performed using the Infinite Horizons injury device (Precision Systems and Instrumentation) 

as described previously (Orr et al., 2017; Scheff et al., 2003). Briefly, mice were 

anesthetized via intraperitoneal (i.p.) injections of ketamine (100 mg/kg) and xylazine (10 

mg/kg), followed by a laminectomy to expose the T9 spinal cord. After the delivery of SCI, 

the muscle and skin incisions were closed using monofilament suture. Post-surgically, mice 

were immediately given one injection of buprenorphine-SR (subcutaneously, 1 mg/kg) and 

antibiotic (5 mg/kg, Enrofloxacin 2.27%: Norbook Inc, Lenexa, KS) dissolved in 2 mL of 

saline. Animals were returned to warm housing units (cages on warm pads) overnight to 
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recover from the surgery before returning to regular home cages. Mice continued to receive 

antibiotic subcutaneously in 1 mL of saline for 5 days. Apocynin (5 mg/kg body weight) 

(Sigma-Aldrich, Cat# AC10242–0250) or vehicle (1% DMSO) was administered via 

intraperitoneal injection beginning at 1 and 6 hours post injury then daily for 1 week. 

Manual bladder expression was performed on injured mice twice daily until voiding function 

returned.

Behavioral analysis

Hindlimb movements of all experimental animals were graded using the Basso Mouse Scale 

(BMS) as previously described (Basso et al., 2006). Mice were assessed in an open field for 

4 min pre-surgically and at 1, 3, 7, 14, 21, and 28 days post-injury (dpi) by two trained 

observers under blind conditions. On the day of IP injections of apocynin or vehicle (1, 3, 

and 7 dpi), BMS was conducted at least 5 hours after injection. The performance of each 

hindlimb was assessed separately based on movement (e.g., ankle placement and stepping), 

coordination, and trunk stability. Scores of both hindlimbs were averaged to generate BMS 

scores and subscores for each animal.

In situ ROS detection

Detection of ROS production in mice was conducted by using dihydroethidium (DHE, 

Thermo Fisher Scientific) as previously described (B. Zhang et al., 2016). Briefly, at 

designated time points (3 and 7 dpi), mice were injected with DHE (0.01 mg/g body weight, 

intraperitoneal injection) 4 h prior to sacrificing. Oxidized DHE emits a bright red 

fluorescence, which can be detected at the emission wavelength at 570 nm. The fluorescent 

signal was captured with a C2+ laser scanning confocal microscope (Nikon Instruments Inc, 

Melville, NY, USA) and the threshold-based area of DHE-positive staining was quantified 

using the MetaMorph program (Molecular Devices, Sunnyvale, CA, USA).

Tissue processing

Mice were anesthetized (ketamine (120 mg/kg) and xylazine (10 mg/kg)) and transcardially 

perfused with cold 0.1M PBS (pH 7.4) followed by cold, 4% paraformaldehyde (PFA) in 

PBS. Spinal cord tissues were dissected and post-fixed for another 2 h in 4% PFA. Fixed 

tissue was then rinsed and stored in phosphate buffer (0.2 M, pH 7.4) overnight at 4 °C, 

followed by cryoprotection in 30% sucrose for 3–4 days at 4°C. Spinal cords (8 mm in 

length centered on the lesion epicenter) were randomly distributed (to ensure that equal 

numbers of each group were present on every slide) into blocks in optimal cutting 

temperature (OCT) compound (Sakura Finetek USA, Inc., Torrance, CA) and rapidly frozen 

on dry ice before sectioning. Serial transverse sections (10 μm) were cut for each block, 

mounted on coated slides (Fisher Scientific, Waltham, MA), and then stored at −80°C prior 

to staining.

Immunohistochemistry

Spinal cord sections were dried at 37°C for 1 hour and rinsed in 0.1 M PBS before 

incubation with blocking buffer (0.1 M PBS containing 1% bovine serum albumin, Fisher 

Scientific, Cat# BP1605), 0.1% Triton X-100 (Sigma Aldrich, Cat# X-100), 0.1% fish 
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gelatin (Sigma-Aldrich, Cat# G7765), and 5% normal goat or donkey serum (Sigma-

Aldrich, Cat# G9203; D9663). After blocking for 1 hour, tissue sections were incubated with 

primary antibodies diluted in blocking buffer overnight at 4°C. On the following day, tissue 

sections were rinsed in 0.1 M PBS and then incubated with secondary antibodies at room 

temperature for 1 hour. For immunofluorescence staining, all the slides were coverslipped 

with Immu-Mount (Thermo Fisher Scientific) after washing in PBS. Fluorescent images 

were obtained using a C2+ laser scanning confocal microscope (Nikon Instruments Inc, 

Melville, NY, USA). The details of primary and secondary antibodies used in the current 

study are listed in Table 1.

Areas of spared and injured tissue were identified with eriochrome cyanine (myelin) and 

neurofilament (axons, EC/NF) labeling as previously reported (B. Zhang et al., 2015b). NF 

immunoreactivity was visualized by using a biotinylated secondary antibody (Table 1) and 

the Vectastain Elite ABC kit (Vector Laboratories, PK-6100), followed by color 

differentiation using a diaminobenzidine (DAB) substrate kit (Vector Laboratories, 

SK-4100). Brightfield images were captured with Aperio ScanScope (Leica Biosystems). 

Lesion volumes were calculated from spinal cord tissue sections spaced at 100 μm intervals 

using a Cavalieri estimator program (Stereo Investigator software, MBF Bioscience). Spared 

tissue areas were estimated on the sections with the greatest tissue damage (lesion 

epicenter). Microglia (P2Y12-positive), MDMs (F4/80-positive, P2Y12-negative) and ROS 

(DHE), were quantified using threshold-based measurements to identify positive fluorescent 

signals above background at the lesion epicenter with the MetaMorph analysis program 

(Molecular Devices, Sunnyvale, CA, USA). The “logical AND” arithmetic function in 

MetaMorph was used to identify double- and triple-labeled cells. A user, blinded to 

treatment and age groups, then verified double- and triple-labeled cells for quantification.

Experimental Design and Statistical Analysis

The data analyses and acquisition were performed by investigators blinded to both age and 

treatment groups. Statistical analyses were done using GraphPad Prism 6.0 (GraphPad 

Software). Unpaired t-test tests with Welch’s correction were applied to evaluate the 

treatment effect of apocynin on lesion volume, lesion length, percentage of spared tissue, 

and chronic macrophage accumulation between 4 and 14 MO mice. Two-way repeated 

(BMS and BMS subscore x time) measures ANOVA or two-way ANOVA followed by 

Sidak’s multiple comparisons were performed to analyze the remaining data. For each 

outcome measure n refers to a separate biological replicate, i.e. animal. Measurements and 

quantifications are reported as mean +/− SEM. Results were considered statistically 

significant at p<0.05.

Results

Apocynin improves functional and anatomical recovery in middle-aged but not young SCI 
mice

Previously, we observed significantly impaired functional recovery in middle - aged versus 

young SCI mice concomitant with potentiated pro-inflammatory macrophage activation and 

increased macrophage ROS production (Fenn et al., 2014; B. Zhang et al., 2016; 2015a). 
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Specifically, we observed increased expression of the macrophage-specific ROS producing 

enzyme, NOX2, in middle-age SCI mice (B. Zhang et al., 2016). To determine the extent to 

which this age-dependent inflammation contributes to the efficacy of neuroprotective agents, 

we treated young and middle-aged SCI mice with apocynin (APO), a potent NOX inhibitor 

with affinity for NOX2. Adult (4 months) and middle-aged (14 months) mice were subjected 

to mild-to-moderate mid-thoracic (T9) spinal cord contusion injury and treated with APO 

(5mg/kg, i.p.) or vehicle at 1 and 6 hours post-injury then daily for 7 days. We then assessed 

hindlimb locomotor function (BMS locomotor test) over a 28-day period. As shown in 

Figure 1, 14 MO SCI mice treated with APO showed significant functional improvement 

(two-way repeated measures ANOVA main effect of treatment; BMS score: F(1,15)=5.58, 

p=0.032; BMS subscore: F(1, 15)=7.37, p=0.016)) with extensive ankle movement (BMS 

score: 2.2 ± 0.3) at 1 day post injury (dpi) and plantar paw placement (BMS score: 3.1 ± 0.4) 

at 3 dpi as compared to vehicle (VEH) treated 14 MO SCI mice. VEH treated mice 

demonstrated only slight ankle movement (BMS score: 1.3 ± 0.2) at 1 dpi and extensive 

ankle movement (BMS score: 2.2 ± 0.2) at 3 dpi. Moreover, at 28 dpi, APO treated 14 MO 

mice showed plantar stepping with some coordination (BMS score 5.5 ± 0.2 and subscore: 

4.4+/−0.6); while VEH treated 14 MO animals exhibited only abnormal limb movement 

without consistent stepping or fore and hindlimb coordination (BMS score: 5.0 ± 0.0 and 

BMS subscore: 1.7 ± 0.4) (Fig. 1B-B’). The transitions of limb movement to stepping and 

from stepping to fore- and hindlimb coordination are recognized as important functional 

milestones in SCI recovery. Interestingly, we did not observe a treatment effect of APO on 

locomotor recovery in 4 MO SCI mice (BMS score: F(1, 17)=1.0, p=0.33; BMS subscore: 

F(1,17)=0.64, p=0.43) (Fig. 1A-A’).

The degree of locomotor recovery after SCI is highly correlative with tissue pathology 

(Basso et al., 1996). Since APO improved functional recovery in 14 MO animals, we further 

investigated the age-dependent benefits of treatment on tissue preservation after SCI. 

Consistent with the behavioral results, APO treated 4 MO SCI mice exhibited no significant 

difference compared to VEH treated age-matched SCI mice in lesion volume (t=1.08, 

p=0.30), lesion length (t=0.404, p=0.70), or tissue sparing (t=0.34, p=0.74) (Fig. 2B-B”). In 

contrast, APO treatment significant decreased lesion volume (Fig. 2C, t=2.92, p=0.014) and 

lesion length (Fig. 2C’, t=2.43, p=0.041) in 14 MO SCI mice compared to vehicle-treated 

age-matched controls. Moreover, APO treatment significantly increased tissue sparing at the 

lesion epicenter (t=2.98, p=0.01) in 14 MO SCI animals (Fig. 2C”). These data indicate that 

age is a key determinant of therapy-mediated functional and anatomical recovery.

Apocynin reduces ROS production in middle-aged but not young mice

We recently identified ROS production mediated by the upregulation of NADPH oxidase 

(NOX2) enzyme activity as a potential regulator of enhanced tissue damage and impaired 

functional recovery in middle-aged mice after SCI (B. Zhang et al., 2016). Next, we 

investigated whether the beneficial effects of APO are due to age-dependent modulation of 

oxidative stress in the injured spinal cord. Since we observed treatment effects acutely after 

SCI (Fig. 1), we evaluated ROS production in the injured spinal cord at 3 dpi. Similar to 

previous observations (Leden et al., 2017; B. Zhang et al., 2016), SCI induced significantly 

higher ROS production at the lesion epicenter of vehicle treated 14 MO versus 4 MO mice 
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(Fig. 3A-B, t=4.1, p=0.0005). Interestingly, APO treatment significantly decreased ROS 

production in the injured spinal cord of 14 MO mice (Fig. 3B-B’, t=4.6, p=0.0002); 

however, ROS production was unchanged with APO treatment in 4 MO animals (t=0.43, 

p=0.9). These data indicate ROS production disproportionately contributes to secondary 

injury in middle-aged versus young SCI.

Apocynin selectively affects the response of monocyte-derived macrophages acutely after 
SCI

Resident microglia and infiltrated monocyte-derived macrophages (MDMs) play important 

roles in inflammatory cascades after SCI. Previously, we observed that macrophages 

contribute the majority of ROS production during the acute phase of SCI through the NOX2 

activation (B. Zhang et al., 2016); however, we did not differentiate between activated 

microglia and MDMs. There is evidence that age modulates NOX-mediated ROS production 

in both microglia and MDMs (Qin et al., 2013; Stout and Suttles, 2005). To further 

determine how age differentially affects microglia and MDM populations after SCI, we 

stained the tissue with a microglia specific marker P2Y12 (Butovsky et al., 2014) and the 

MDM and microglia marker F4/80. We adopted techniques used in traumatic brain injury to 

identify activated microglia as cells double-stained with P2Y12 and F4/80 (Figure 4A filled 

arrowheads) and to identify infiltrated MDMs as F4/80-positive only (opened arrowheads in 

Fig. 4A) (Villapol et al., 2017). In the absence of injury, few F4/80pos/P2Y12neg MDMs 

were present in the spinal cord with no overt difference between 4 and 14 MO animals 

(Supplemental Figure 1). We detected ROS production in both microglia (DHE positive, 

yellow filled arrowhead in Fig. 4A) and MDMs (yellow opened arrowhead in Fig. 4A) in the 

injured spinal cord regardless of age.

There were no significant effects of age or APO treatment in microglia activation (F480pos/

P2Y12pos) after SCI (two-way ANOVA; overall age effect: F(1,30)=1.6, p=0.2; overall 

treatment effect: F(1, 30)=0.07 p=0.9; treatment x age interaction: F(1,30)=0.24 p=0.6) (Fig. 

4B). In contrast, age significantly potentiated microglia ROS production, as indicated by an 

increased proportion of activated microglia co-labeled with DHE in the 14 MO versus 4 MO 

injured spinal cord (main effect of age: F(1,30)=4.6, p=0.04) (Fig. 4B-C). Interestingly, APO 

did not significantly decrease ROS production in activated microglia for either age group 

(two-way ANOVA main effect of treatment: F(1, 30)=0.0013 p=0.97; age x treatment 

interaction: F(1,30)=0.20 p=0.7) (Fig. 4B-C). Collectively, these data indicate that age 

potentiates microglia ROS production that is refractory to APO treatment.

Next we examined the extent to which age and APO treatment alter MDM responses. We 

detected a significant increase in MDM (F480pos/P2Y12neg) accumulation in 14 MO vs. 4 

MO SCI mice (main effect of age: F(1,30)=4.3 p=0.047) (Fig 5A-A’). APO decreased this 

age-dependent increase in MDM activation after SCI (main effect of treatment: F(1,30)=4.3 

p<0.048) by significantly reducing MDM accumulation in 14 MO (VEH vs, APO, t= 2.6, 

p<0.032), but not 4 MO, SCI mice (VEH vs. APO, t=0.30, p=0.94) (Fig. 5A’). Interestingly, 

APO treatment was sufficient to reduce MDM accumulation in 14 MO SCI mice to that of 4 

MO SCI mice (Fig. 5A’).
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We then quantified ROS production in MDMs. Similar to our observations with microglia, 

age significantly increases macrophage ROS production (main effect of age: (F1, 30)=20.2 

p<0.0001) (Fig. 5B-B’). However, unlike for microglia, APO treatment significantly reduced 

MDM ROS production in an age-dependent manner (main effect of treatment: F(1, 30)=13.7 

p=0.0009). Specifically, APO significantly reduced MDM ROS production in 14 MO (VEH 

vs. APO, t=3.9, p=0.001) but not 4 MO SCI mice (VEH vs. APO, t=1.3, p=0.4) (Fig. 5B-

B’). Importantly, we quantified the relative proportion of MDMs expressing ROS. Therefore, 

our data show that APO treatment significantly decreases age-dependent MDM infiltration 

(Figure 5A) and reduced the proportion of infiltrated macrophages producing ROS in the 

aged injured spinal cord (Figure 5B).

APO reduces monocyte-derived macrophages in chronic SCI

Macrophages infiltrate the injured spinal cord as early as 3 dpi and persist for several 

months. Chronically, monocyte-derived macrophages (MDMs) dominate the fibrotic lesion 

core while microglia persist in the astroglial scar region of the lesion penumbra (Mawhinney 

et al., 2012; Orr and Gensel, 2018). We observed similar lesion and penumbra distribution of 

MDMs and microglia respectively in both 4 and 14 MO SCI mice at 28 days post injury 

using the combination of P2Y12 and F4/80 labeling. As shown in Figure 6A-D, although 

there are sporadic P2Y12 and F4/80 double positive cells in the GFAP-negative lesion core, 

the majority of the core is comprised of monocyte-derived F4/80pos/P2Y12neg macrophages. 

P2Y12pos microglia are present mostly in the GFAP-positive glial scar area (Fig. 6A-D). To 

determine the long-term immunomodulatory effects of APO treatment, we quantified the 

density of MDMs (F4/80pos/P2Y12neg) and microglia (P2Y12pos) at 28dpi. We found that 

APO treatment significantly decreased the density of monocyte-derived macrophages at the 

lesion epicenter of 14 MO SCI mice compared to vehicle treated age-matched controls (Fig. 

6F-F”, t=2.7, p=0.022). There was no effect of APO treatment on MDMs in 4 MO SCI mice 

(Fig. 6E-E”, t=0.67, p=0.5). We did not detect a treatment effect of APO on microglia 

(P2Y12pos) density for either 4 MO (t=0.28, p=0.8) or 14 MO (t=0.11, p=0.9) SCI mice. 

Collectively, the acute and chronic effects of APO treatment on MDM accumulation and 

ROS production in 14 MO SCI mice indicate that these cells may disproportionally 

contribute to age-related secondary injury and inflammation in SCI.

Discussion

In the current study, we made a number of novel observations: 1) apocynin (APO) 

selectively improves functional recovery and reduces tissue damage in 14 month old (MO), 

but not 4 MO, SCI mice; 2) age potentiates ROS production in macrophages and microglia 

after SCI; 3) APO specifically reduces monocyte-derived macrophage (MDM) ROS 

production coincident with functional recovery in 14 MO SCI mice; and 4) APO treatment 

decreases MDM accumulation in middle-aged SCI mice. To our knowledge, this is the first 

study to report the effect of age on an immunomodulatory therapeutic intervention using a 

clinical relevant SCI model and to report that age may be a key regulator of treatment 

efficacy. Importantly, these data highlight a disproportionate role for MDMs vs. microglia in 

age-related neuropathologies.
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Previously, we reported that excessive age-related ROS production in microglia/

macrophages is specifically associated with NOX2 activation in middle-aged SCI mice (B. 

Zhang et al., 2016). Increased levels of ROS production are a major cause of secondary 

injury and lesion progression after SCI (Hall et al., 2016; Khayrullina et al., 2015). In the 

current study, we utilized APO as a tool to investigate whether inhibition of NOX activity 

modifies ROS production and consequently changes pathological and behavioral functions 

following SCI. APO prevents the translocation and assembly of cytosolic p47phox to NOX 

membrane components, thereby inhibiting NOX2 activation and concomitant ROS 

production (Stefanska and Pawliczak, 2008). The effects of APO have been extensively 

studied in animal models of neuroinflammation and neurodegeneration. By inhibiting NOX2 

activity, APO is capable of reducing pro-inflammatory responses and oxidative stress and 

prevents microglia/macrophage activation in vivo and in vitro (S.-H. Choi et al., 2012; 

Ghosh et al., 2012; Harraz et al., 2008; Mander et al., 2006). APO also reduces 

inflammation and secondary injury after spinal cord trauma (Impellizzeri et al., 2011; 

Johnstone et al., 2013).

Due to its recognized action as an NADPH oxidase inhibitor, APO is widely used in in vivo 
studies. However, the treatment effects of APO vary. In experimental models of traumatic 

brain injury (TBI), pre- (20 min prior to controlled cortical impact injury (CCI)) or post-

administration (2 hours after CCI) with a single injection of APO (4 mg/kg, i.p.) markedly 

inhibits microglial activation and oxidative damage (Q.-G. Zhang et al., 2012). In addition, 

APO treatment (5 mg/kg, i.p.) beginning at 23 h and continued daily for 4 consecutive days 

after CCI reduces oxidative damage and enhances neuronal survival, as well as, significantly 

reduces lesion size at 4 dpi (J. Wang et al., 2017). In contrast, another study using the CCI 

injury model reported that although APO treatment (5mg/kg, 30 min post CCI, i.p. injection) 

significantly reduces lesion volume and improves motor function in mice, it has no effect on 

cognitive function measured by the Morris Water Maze test (Loane et al., 2013). Moreover, 

in the moderate lateral fluid percussion TBI model, subcutaneous administration of APO (5 

mg/kg) at 30 min and 24hr post injury in mice had no effect on brain edema or motor 

function but significantly improved performance on the novel object recognition task and 

reduced lesion volume (Ferreira et al., 2013). These conflicting results across studies may be 

due to variations in TBI models, treatment paradigms (i.e. pre vs. post-injury administration; 

i.p. vs. s.c. injection), or locations of the primary injury.

There are fewer studies investigating APO in pre-clinical SCI models. Following extradural 

spinal compression (1 min) using an aneurysm clip, APO (5 mg/kg, i.p.) effectively reduced 

nitrotyrosine formation, neutrophil infiltration, and pro-inflammatory cytokine production in 

the injured spinal cord coincident with improved locomotor recovery (Impellizzeri et al., 

2011). In contrast, after contusive SCI, APO treatment (10 mg/kg, i.p.) only modestly 

improved functional recovery and did not significantly reduce lesion volume despite 

significantly decreasing oligodendrocyte death (Johnstone et al., 2013). Similar to the 

observations of Johnstone et al., here, in our contusion model, we did not detect modified 

ROS production or functional improvement in 4 MO mice with APO treatment (5 mg/kg 

i.p.). However, we observed that this dose of APO significantly decreased overall ROS 

production and improved hindlimb function in 14 MO SCI mice. It is highly possible that 

the effective dose of APO varies in different SCI models and injury severities. It is also 
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worth noting that age might be an important factor regulating NOX activity and the response 

to APO treatment. For example, a study using newborn mice reported that in contrast to 

findings in the adult, pharmacological inhibition of NOX activity with APO or genetic 

deletion of NOX2 did not protect against perinatal brain injury induced by hypoxia-ischemia 

(Doverhag et al., 2008). Collectively, these data indicate that injury models, dosage, route of 

administration, and physiology factors such as age potentially affect APO treatment efficacy.

There is some debate that APO may attenuate ROS through antioxidant properties rather 

than NOX inhibition (Heumüller et al., 2008). While this may have contributed in the 

current study, it is unlikely that the treatment effects of APO here are entirely dependent on 

antioxidant activity. We did not detect a decrease in ROS in APO-treated 4 MO SCI mice 

nor decreased microglia ROS production with APO treatment in either age group suggesting 

an absence of antioxidant effects. However, we cannot rule out the antioxidant activity of 

APO.

APO inhibits NOX activity by preventing the binding of cellular p47phox to the membrane 

components of the enzyme complex. While APO is a general NOX inhibitor, it is likely that 

the NOX2 isoform is most responsive to treatment in the current study. NOX2 is present in 

all cell types in the injured spinal cord, however, NOX3 and NOX4 are only found in 

neurons and glial cells, respectively (Cooney et al., 2014) and likely do not require the 

assembly of cellular and membrane components for activity (Ueno et al., 2005). Both 

microglia and MDMs express NOX2. Interestingly, microglia also express NOX1 (Chéret et 

al., 2008) while F4/80-positive macrophages exclusively express NOX2 (De Logu et al., 

2017). In the current study, we found that age increases ROS production in both microglia 

and MDMs but APO only reduces ROS in infiltrated, F4/80-positive MDMs. Since aging 

also results in higher MDM infiltration, it is possible that with current treatment paradigm, 

APO effectively blocks NOX2 activity without reducing NOX1 activation in microglia. 

Indeed, in the absence of NOX2, microglia produce ROS in response to inflammatory 

stimuli through NOX1 (Chéret et al., 2008). Collectively, these observations indicate that 

APO-mediated inhibition of NOX2 underlie the reduction of age-dependent SCI MDM 

activation in the current study. Further studies combining NOX-deficient mice and APO 

treatment may better clarify the relative contributions of different NOX isoforms to age-

related SCI pathophysiology.

Although NOX2 inhibition likely contributes to the therapeutic effects we observed in 

middle-aged animals, our results in young animals are inconsistent with previously 

observations. Indeed, in a presumed young mouse model of contusive SCI, NOX2 inhibition 

with the selective antagonist gp91ds-tat, delivered intrathecally, is sufficient to reduce 

inflammation and facilitate functional improvements (Khayrullina et al., 2015). In addition, 

systemic delivery of gp91ds-tat initiated 15 minutes post contusion SCI is sufficient to 

reduce markers of oxidative damage in young rats (Cooney et al., 2014). Differences in 

timing (15 minutes vs. 1 hour) and route (intrathecal vs. systemic) likely contribute to the 

discrepancies between the current work and these previous observations. Our observation of 

age-dependent treatment efficacy with APO does not indicate that NOX2 inhibition cannot 

be protective in young animals.
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Previous observations of age-dependent macrophage ROS generation after SCI did not 

discriminate between microglia and MDMs (Cooney et al., 2014; Khayrullina et al., 2015; 

B. Zhang et al., 2016). In the current study, we differentiated between microglia vs. 

infiltrated MDM ROS production using anti-P2Y12 and anti-F4/80 antibodies (Villapol et 

al., 2017) and observed different responses between the two cell populations. In an 

Alzheimer’s disease model, infiltrated MDMs are only detectable with extreme age in the 

mouse brain, whereas activated microglia are observable with both normal aging and Aβ 
pathology (Martin et al., 2017). Microglia and infiltrated MDMs exhibit unique spatial 

distribution within the glial and fibrotic scar and exhibit distinct functions on scar formation 

and wound resolution after SCI (Orr and Gensel, 2018; Shechter et al., 2011; X. Wang et al., 

2015; Zhu et al., 2014). Microglia phagocytize damaged tissue efficiently within 24 hours of 

SCI while infiltrated MDMs are responsible for phagocytosis after 3 dpi but are less efficient 

in processing CNS debris (Greenhalgh and David, 2014). Additionally, arginase-1, a well-

characterized anti-inflammatory modulator of wound healing, is exclusively expressed in 

MDMs but not microglia in animal models of SCI and EAE (Greenhalgh et al., 2016). Given 

that we previously detected age-dependent decreases in arginase-1 after SCI (Fenn et al., 

2014), it is likely that MDMs may be selectively prone to age-related changes in function. 

Collectively, these observations indicate that microglia vs. infiltrated MDMs have distinctive 

phenotypes in SCI and their activation might be differentially regulated by aging and/or 

disease and injury status.

After SCI, circulating blood monocytes increase at 24 hours and remain high at least up to 

96 hours post-injury (Stirling and Yong, 2008). At the injury site, monocytes invade at 2–3 

days and differentiate into macrophages then activated macrophages remain for months to 

years after trauma (Fleming et al., 2006). In the current study, we treated SCI mice with 

APO systemically and observed decreased MDM infiltration and ROS production in 14 MO 

animals. It is unclear whether the effects of APO were mediated through changes in the 

injury microenvironment or through modification of circulating monocytes prior to 

migration into the injury site. Since APO is blood-brain barrier (BBB) permeable, it is 

highly possible that APO treatment affected both compartments. Interestingly, mitochondrial 

ROS production increases with age in the spinal cord in the absence of injury (Yonutas et al., 

2014). Our preliminary observations indicate increased ROS production in middle age vs. 

young, sham-injured mice (data not shown). Therefore, it is possible that APO-mediated 

decreases in age-dependent ROS production within the spinal cord, prior to MDM 

infiltration, contributed to the neuroprotection observed in the current study. In contrast, a 

recent study reported that NOX2 from circulating immune cells vs. NOX2 in the CNS 

disproportionately contributes to ischemic brain injury (Tang et al., 2011), highlighting the 

importance of NOX2 activity in peripheral immune cells. Indeed, APO can inhibit 

superoxide production in peripherally activated neutrophils and monocytes, as well as 

prevent the expression of TNF-α and cyclooxygenase-2 (COX-2) on circulating monocytes 

(Barbieri et al., 2004; Mattsson et al., 1996; Stolk et al., 1994). We detected decreased 

MDMs in the chronically injured aged spinal cord in response to APO treatment. Since the 

lifespan of a macrophage is 2 months, it is possible that APO-mediated decreases in MDMs 

at 28 dpi in the injured spinal cords, observed in the current study, are due to reduced 

recruitment acutely after injury. However, we cannot rule out the possibility that chemotactic 
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gradients specific for MDMs persist and recur periodically, allowing sustained recruitment 

of new monocytes to the injury site. Since APO has been shown to reduce chemokine 

production (Bhatt et al., 2017), it may decrease MDM infiltration by modifying chemokine/

cytokine production in the aged injured spinal cords.

In summary, the main finding of the current work is that 7 day constitutive treatment with 

the NOX2 inhibitor, APO, ameliorates age-related exaggerations of SCI tissue damage and 

functional deficits with concomitant decreases in MDM activation and MDM-ROS. The age-

dependent treatment effect of APO likely acts through excessive ROS production mediated 

by NOX2 specifically on infiltrated macrophages. The importance of age is increasingly 

implicated in CNS disease and injury progression. Following stroke, accelerated glial 

reactivity, increased neutrophil infiltration and higher MMP-9 and ROS production are 

associated with increased hemorrhagic transformation and poor functional outcomes in aged 

mice (Badan et al., 2003; Ritzel et al., 2018). Age alters inflammatory processes closely 

associated with oxidative stress and repair in SCI (Fenn et al., 2014; Hooshmand et al., 

2014; Khayrullina et al., 2015; B. Zhang et al., 2016; 2015a), thus manipulating SCI 

inflammation and ROS production may provide insights in developing therapeutic 

interventions to repair aged and injured CNS. Indeed, a recent report demonstrated that bone 

marrow rejuvenation can reduce the severity of ischemic stroke in aged mice (Ritzel et al., 

2018). Our results suggest that age is a key determinant of SCI therapeutic efficacy, and 

pharmacologically reducing macrophage activation and ROS production is sufficient to 

reverse the age-associated impairments. Given the prevalence of microglia and monocyte 

activation in neuropathologies along with increased focus on the pathophysiology of the 

aged CNS, these data provide an innovative cellular perspective on understanding and 

treating age-related neurological disorders.
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Highlights

• Apocynin selectively improves recovery in middle-aged, not young, SCI mice

• Apocynin reduces monocyte-derived macrophage (MDM) ROS in middle-

aged SCI mice

• Apocynin decreases MDM accumulation in middle-aged injured spinal cord 

tissue

• Monocyte-derived macrophages, not microglia, underlie age-dependent 

pathophysiology

• Apocynin selectively improves recovery in middle-aged SCI mice;

• Age potentiates ROS production in macrophages and microglia after SCI;
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Figure 1. Apocynin (APO) significantly improves locomotor functional recovery in middle-aged 
but not young mice after spinal cord injury (SCI).
Time course of locomotor functional recovery assessed by Basso Mouse Score (BMS)

(A&B) and BMS subscore (A’&B’). Young (4 months old (MO)) and middle-aged female 

C57BL/6 mice (14 MO) were subjected to T9 contusion SCI then treated with vehicle 

(VEH) or APO (5mg/kg, i.p.) at 1 and 6 hours post-SCI then daily for seven days. A-A’) 

There was no significant effect of treatment in 4 MO SCI mice. B-B’) 14 MO SCI mice 

treated with APO show significant improvement in functional recovery at 1 and 3 dpi, as 

well as at 28 dpi, compared to VEH treated 14 MO animals. These BMS and BMS 

subscores correspond to extensive ankle movement (BMS ~ 2) at 1 day post injury (dpi) and 

plantar paw placement (BMS ~ 3) at 3 dpi as compared to vehicle (VEH) treated 14 MO 

mice with only slight ankle movement (BMS ~ 1) at 1 dpi and extensive ankle movement 

(BMS ~ 2) at 3 dpi. At 28 dpi, APO treated 14 MO mice showed plantar stepping with some 

coordination (BMS ~ 5–6 subscore ~ 4–5) while VEH treated 14 MO animals exhibited only 

abnormal limb movement without consistent stepping or fore and hindlimb coordination 

(BMS ~ 5.0 and subscore < 2). Results are mean+/−SEM, n=7–10/group. *p<0.05 or 

***p<0.001.
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Figure 2. Apocynin treatment decreases lesion volume and lesion length and increases tissue 
sparing in midde-aged but not young spinal cord injured (SCI) mice.
Tissue analyses were conducted on tissue sections isolated 4 weeks after SCI. (A) 

Representative images of neurofilament/eriochrome cyanine (NF/EC) stained spinal cord 

cross-sections encompassing the rostral (−0.4 mm) to caudal (0.4 mm) extent of the injury 

from each treatment and age group. Scale bar = 500μm. There was no effect of APO on 

lesion volume, lesion length, or tissue sparing in 4 MO SCI mice (B-B”). In contrast, APO 

significantly decreased lesion volume (C) and lesion length (C’) in 14 MO animals 

following SCI. In addition, treatment of APO significantly improved the amount of spared 
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tissue at the lesion epicenter (C”) in 14 MO SCI mice. Results are mean +/− SEM, n=7–10/

group. *p<0.05 vs. VEH treated age-matched mice..
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Figure 3. Apocynin treatment reduces reactive oxygen species (ROS) production in middle-aged, 
but not young, mice after SCI.
Representative tissue sections 3 days post injury of DHE labeling ROS (red fluorescence) 

from 4 (A-A’) and 14 (B-B’) MO SCI mice treated with VEH or APO. Quantification of 

DHE fluorescence intensity at 3 days post injury reveals that APO treatment significantly 

decreases ROS generation in the lesion epicenter of 14 MO, but not 4 MO, SCI mice. 

Results are mean+/− SEM, n=8–9/group. ***p<0.001; ###p<0.001. Scale bar = 100μm.
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Figure 4. Microglia reactive oxygen species (ROS) production is significantly increased in 
middle-aged SCI mice compared to young at 3 days post injury.
Analyses were performed at 3 days post injury on tissue sections from the lesion epicenter. 

(A) Microglia are identified as cells double-stained with P2Y12 and F480 (filled 

arrowheads) while infiltrated macrophages are F480-positive only (opened arrowheads). 

There are both ROS-producing (DHE positive, yellow arrowheads) and non-ROS-producing 

(magenta arrowheads) microglia and macrophages in the injured spinal cords. Scale bar=20 

μm. (B) Quantification of P2Y12pos/F480pos immunofluorescence signal reveals that there is 

no significant effect of age or APO treatment in microglia activation. Quantification of triple 
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positive P2Y12/F480/DHE immunofluorescence shows that age significantly enhances ROS 

production in activated microglia, while APO treatment has no effect in decreasing ROS 

production in either 4 or 14 MO SCI mice. Results are mean+/− SEM. N=8–9/group. *14 

MO vs. 4 MO is significantly higher at p<0.05 regardless of treatment. (C) Representative 

images where each black dot represents ROS-producing microglia (B, P2Y12pos/

F4/80pos/DHEpos) from 4 and 14 MO SCI mice treated with VEH or APO (scale bar= 

100μm). Specifically, triple-labeled pixels have been dilated for illustrative purposes.
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Figure 5. Apocynin treatment decreases the infiltration of monocyte-derived macrophages 
(MDMs) and reduces MDM ROS production in middle-aged but not young SCI mice.
Analyses were performed at 3 days post injury on tissue sections from the lesion epicenter 

using the identification technique presented in Figure 4. Representative images where each 

black dot represents MDM (A, P2Y12neg/F4/80pos) and ROS-producing MDMs (B, 

P2Y12neg/F4/80pos/DHEpos) from 4 and 14 MO SCI mice treated with VEH or APO (scale 

bar= 100μm). Specifically, in B, triple-labeled pixels have been dilated for illustrative 

purposes. Quantification of the P2Y12neg/F4/80pos MDMs and P2Y12neg/F4/80pos/DHEpos 

ROS producing MDMs signals (A’&B’, see open arrows in Fig. 4A for phenotypes) reveals 
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a treatment effect of APO. Specifically APO significantly reduced overall MDM 

accumulation, as well as, the proportion of MDMs producing ROS in 14 MO but not 4 MO 

SCI mice. Results are mean+/− SEM. N=8–9/group. *p<0.05, ***p<0.001, #p<0.05, 

###p<0.001.
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Figure 6. Apocynin treatment reduces chronic (4-weeks after SCI) monocyte-derived 
macrophages accumulation in 14 MO but not 4 MO SCI mice
Tissue analyses were conducted on tissue sections of the lesion epicenter isolated 4 weeks 

after SCI. Representative images of the lesion epicenter immunolabeled with P2Y12 (A), 

F4/80 (B), and GFAP (C). The majority of F4/80+/P2Y12- MDMs are presented at the 

fibrotic scar area, devoid of astrocyte (GFAP) immunoreactivity, while P2Y12+ microglia 

cells are preferentially localized in GFAP+ areas (D). Quantification of the density of MDM 

immunoreactivity reveals that APO has no effect in 4 MO SCI mice (E-E”), while APO 

significantly decreases the proportion of F4/80+/P2Y12- macrophages at the lesion epicenter 

of 14 MO SCI mice (F-F”). Scale bar=100 μm. Results are mean+/− SEM, n=7–10/group. 

*p<0.05 vs. VEH treated age-matched mice.
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Table 1:

Antibodies Used

Antibodies Host Dilution Vendor Cat #

Immunohistochemistry-Primary Antibodies

1. P2Y12 (20: #5) Rabbit 1:1000 Anaspec Inc AS-55043A

2. F4/80 (20: #6) Rat 1:1000 AbD Serotec MCA497

3. GFAP (20: #7) Chicken 1:500 Aves Lab GFAP

4. Neurofilament (20: #7) Chicken 1:500 Aves Lab NFH

Immunohistochemistry-Secondary Antibodies

5. Alexa Fluor 488 anti-rabbit (IgG) Goat 1:1000 ThermoFisher A11008

6. Alexa Fluor 546 anti-rat (IgG) Goat 1:1000 ThermoFisher A11081

7. Biotinylated goat anti-chicken (IgY) Goat 1:1000 Aves Lab B-1005

8. Streptavidin, Alexa Fluor 633 conjugate (used for #3) 1:1000 ThermoFisher S-21375
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